Background: Sleep duration is dependent on circadian rhythm that controls a variety of key cellular functions. Circadian disruption has been implicated in colorectal tumorigenesis in experimental studies. We prospectively examined the association between sleep duration and risk of colorectal cancer (CRC).
Both short and long sleep durations have been associated with increased risk of obesity, diabetes, cardiovascular disease, as well as all-cause mortality (Gallicchio and Kalesan, 2009; Parish, 2009 ). However, the association between habitual sleep duration and the risk of commonly occurring cancers is largely unknown.
Earlier studies hypothesised that electric light at night disrupts the circadian rhythm and impairs the secretion of the pineal hormone melatonin. Nocturnal suppression of melatonin may lead to an elevation of circulating oestrogen levels (Stevens and Davis, 1996) . Therefore, many studies have examined night shift work or rotating shift work in association with the risk of hormone-related cancers (Conlon et al, 2007; Kolstad, 2008; Poole et al, 2011) . The International Agency for Research on Cancer (IARC) evaluated experimental and epidemiologic evidence of the association between shift work and various cancers (IARC, 2010) . The panel concluded that there was sufficient experimental evidence from animal studies that have demonstrated that light at night can substantially promote the development of different types of tumours. There was consistent evidence for an association between night shift work and breast cancer in adequately designed epidemiologic studies; however, the evidence for other types of cancer was very limited owing to inconsistent study findings. Therefore, IARC classified 'shift work that involves circadian disruption' as a 'probably carcinogenic to human (group 2A) ' (IARC, 2010; Straif et al, 2007) .
Recent studies, including a few genome-wide association studies, have implicated circadian rhythm in various aspects of carcinogenesis, including DNA damage response, DNA repair, glucose metabolism and immune suppression (Bass and Takahashi, 2010; Dupuis et al, 2010; Sancar et al, 2010; Froy, 2011) . Several lines of evidence suggest a potential role of circadian rhythm in colorectal cancer (CRC) development (Wood et al, 2008; Alhopuro et al, 2010; Basterfield and Mathers, 2010) . For example, inactivation of the Period 2 gene accelerated intestinal and colonic tumorigenesis in Apc(Min/ þ ) mice (Wood et al, 2008) . In the Min mice, strong significant positive correlations between sleep duration and both tumour multiplicity and burden were observed (Basterfield and Mathers, 2010) . In humans, somatic mutations of the CLOCK gene have been frequently found in microsatellite-instable CRC (Alhopuro et al, 2010) .
In spite of enhanced understanding on the physiology of circadian rhythm in metabolism homeostasis and colorectal tumorigenesis, habitual sleep duration, an important and potentially modifiable lifestyle factor, in association with CRC has not been examined in population-based studies. We therefore tested the hypothesis that sleep duration is associated with the risk of CRC in a large cohort of postmenopausal women. As hormone replacement therapy (HRT) has been shown to improve sleep quality in postmenopausal women (Polo-Kantola et al, 1998; Welton et al, 2008) , we performed an a priori analysis to test the interaction between HRT and sleep duration. In addition, we examined the association between other sleep habits and risk of CRC.
MATERIALS AND METHODS
Study population. The Women's Health Initiative-Observational Study (WHI-OS) is a multiethnic cohort of 93 676 US women who were recruited from 40 clinical centres in 24 states and the District of Columbia, between September 1993 and December 1998. Detailed information on the study population, recruitment methods, and measurement protocols was previously published (WHI, 1998) . All women provided written informed consent. The study protocols were approved by the Institutional Review Board (IRB) of each participating clinical centre. The IRB at Baylor College of Medicine and Michael E. DeBakey VA Medical Center approved this analysis.
Among 93 676 women included in the initial WHI-OS, we excluded 12 075 women who reported a history of cancer other than non-melanoma skin cancer at baseline, 752 with unknown cancer history, 480 with missing data on sleep duration and quality, 3090 with daily energy intake of o600 Kcal or45000 Kcal, and 71 who did not have the data on energy intake. We also excluded 1380 women who were censored (death or diagnosis of CRC) during the first 2 years of follow-up to account for potential reverse causality, that is, change of sleep duration or habits as a result of subclinical CRC. The final analytic cohort consisted of 75 828 women.
Case ascertainment. The outcome of interest was incident CRC that was defined according to International Classification of Diseases for Oncology (ICDO) 2rd edition site codes C18.0-C18.9, C19.9, and C20.9. Cases with CRC were ascertained through September 2010 using annual self-administered questionnaires. All cases included in the present analysis were centrally adjudicated by trained physicians at each clinical centre. Vital status was ascertained through follow-up questionnaires and National Death Index searches.
Data collection. At the baseline screening visit, women completed a questionnaire to provide detailed information on 'Thoughts and Feelings', including sleep habits and psychosocial factors. The measures of sleep habits in the WHI Study were developed by sleep researcher consultants to the WHI Behavioural Advisory Committee (Levine et al, 2003) . Ten questions were used to assess sleep habits in the past 4 weeks: (1) 'Did you take any kind of medication or alcohol at bedtime to help you sleep?'; (2) 'Did you fall asleep during quiet activity like reading, watching TV, or riding in car?'; (3) 'Did you nap during the day?'; (4) 'Did you have trouble falling asleep?'; (5) 'Did you wake up several times at night?; (6) 'Did you wake up earlier than you planned to?'; (7) 'Did you have trouble getting back to sleep after you woke up too early?'; (8) 'Did you snore?'; (9) 'Overall, how was your typical night's sleep during the past 4 weeks?'; and (10) 'About how many hours of sleep did you get on a typical night during the past 4 weeks?'. Question #9 was used to define sleep quality that ranges from very sound or restful, sound or restful, average quality, restless, and to very restless. Question #10 was used to define sleep duration with categories of p5, 6, 7, 8, 9 , and X10 h. For all other questions, a five-point scale (0,o1, 1-2, 3-4, and X5 times per week) was used to evaluate the response, with an additional choice of 'Don't know' for self-reported snoring. Sleep disturbance was defined as having frequent experience (X3 times per week) of each habit.
We used validated constructed scores to evaluate several psychosocial factors, including depression, fatigue, pain, social strain, and care giving. The constructed score incorporates the responses to several related questions on 'Thoughts and Feelings' questionnaire. For example, depressive symptoms were assessed with a scale that used 6-item from 20-item Center For Epidemiological Studies Depression Scale (Burnam et al, 1988) .
At baseline, women completed structured questionnaires to provide information on demographic features, lifestyle factors, medical history, medications use, hormone use, reproductive history, and family history of diseases. Physical measures of weight, height, and waist and hip circumference were also taken. Physical activity was assessed by computing average weekly metabolic equivalent of task (MET) of moderate and vigorous leisure-time physical activity. Participants completed a validated semiquantitative food frequency questionnaire that inquired about usual intake of 122 food items in the past 3 months (Patterson et al, 1999) .
Statistical analysis. Person-years of follow-up were calculated from the third year after the date of response to the baseline questionnaire to the date of first diagnosis of CRC, death, loss to follow-up, or 17 September 2010, whichever occurred first. We examined the characteristics of the study subjects, including sleep habits, across levels of sleep duration using the w 2 test for the categorical variables and ANOVA for the continuous variables. The absolute incidence rates for CRC according to sleep duration were standardized within 5-year age categories to the age distribution of person-years for our entire study cohort. Univariate and multivariate Cox proportional hazards regression models were used to estimate hazard ratios (HRs) and their 95% confidence intervals (95% CIs) of CRC in relation to sleep duration. We used the most prevalent category, 7 h of sleep, as the reference group in the main analysis. However, because the risk estimates for 7 and 8 h of sleep were the same, we used combined 7 and 8 h of sleep as the normative reference group in subsequent analyses in order to attain more stable risk estimates. Nine and X10 h of sleep were combined to form the extreme long sleep duration category because only 401 women reported sleeping for X10 h per night. We tested the proportional hazards assumption by including an interaction term for sleep duration or key confounding variables by age and no variable was shown to violate this assumption. The potential confounding factors evaluated included age, ethnicity, socioeconomic status, smoking status, alcohol consumption, body mass index (BMI), or waist to hip ratio (WHR), physical activity, psychosocial factors, use of nonsteroidal anti-inflammatory drugs, medical history, use of colonoscopy, HRT, reproductive factors, first-degree family history of CRC, frequency of sleep habits, and daily energy and food intake. We selected a parsimonious model by including confounding factors that were associated with risk of CRC and that changed the risk estimates for sleep duration by 10% or more. Waist to hip ratio and physical activity did not change the risk estimates by 410%; however these variables were included in all the models because they are known risk factors for CRC in women. The missing information for the confounding factors was coded as a missing category for data analysis. In addition, we plotted the adjusted HRs against each category of sleep duration. In examining the frequency of sleep habits in association with incident CRC, we used the 'No event or less than 3 times per week' as the reference group and sleep duration was included as an additional factor in the models.
Stratified analyses were performed according to tumour site (colon vs rectum, and proximal vs distal), as well as diabetes (yes vs no), WHR (o vs Xmedian value), use of HRT (never vs ever), and physical activity (o vsXmedian value of weekly MET). The ICDO2 site codes were used to define the tumour location, including proximal tumours (codes 18.0, 18.2, 18.3, 18.4, and 18.5) and distal tumours (codes 18.6, 18.7, 19.9, and 20.9 ). The cases (n ¼ 102) with nonspecified code were not included in this analysis. We also evaluated the joint effect of sleep duration (p5, 6-8, and X9 h) and sleep quality (very restless and restless, average, sound and very sound) in association with incident CRC. Significance of interaction was tested using the Wald test. The missing category for each stratified variable was excluded from the stratified analyses. A lag analysis was performed by excluding women censored in the first 5 years of follow-up in order to account further for reverse causality.
All statistical tests were two-sided, and P-values o0.05 indicate statistical significance. SAS 9.0 (SAS institute Inc., Cary, NC, USA) was used in statistical analysis.
RESULTS
During an average 11.3 (s.d. 3.1, range 2-15) years of follow-up, 851 incident first primary CRC cases were identified, including 700 with colon cancer, 111 with rectal cancer, and 40 with rectosigmoid cancer. There were 461 proximal and 288 distal CRCs. The average age of study participant was 63.5 years at baseline. Table 1 shows that 38% of women reported sleeping for 7 h per night in the WHI study population. Short sleep duration (p5 h) was reported more commonly among African Americans and among those with lower educational and family income levels, unfavourable psychosocial profiles, or characteristics of sleep disturbance. Women who reported long sleep duration (X9 h) were older and less likely to have trouble falling asleep and had less energy expenditure from moderate and vigorous recreational physical activity. Energy intake, average daily intake of total fat, saturated fat, red meat, fruit and vegetable, folate, total carbohydrate, fibre, vitamin D, and calcium were not significantly associated with sleep duration (results not shown). Table 2 shows the age-adjusted incidence rates as well as the risk estimates of colon and rectal cancers, separately as well as collectively according to sleep duration. Both short and long sleep duration were associated with a significantly moderate increase in risk of CRC. The final model included age (continuous), ethnicity, constructed variable for fatigue (continuous), use of HRT (never, past, current, and missing), WHR, and physical activity (dichotomous by median value of WHR or MET, and missing). The adjustment of other sleep habits did not change the risk estimate for sleep duration. Figure 1 shows a U-shaped pattern of risk of CRC according to individual category of sleep duration. When the combined 7 and 8 h of sleep was used as the reference group, the HRs were 1.32 (95% CI 1.04-1.68) for short and 1.46 (95% CI 1.10-1.93) for long sleep duration. We also observed a slightly insignificant increased risk of colon and rectum cancer, as well as proximal and distal colon cancers, in association with both short and long sleep duration. Table 3 shows the prevalence of sleep disturbance ranged from 10% to 40% for frequent 'use of sleeping pills' to frequent 'wake up several times at night', respectively. Frequent 'trouble falling asleep', 'nap in the day', 'wake up several times at night', and 'trouble getting back to sleep' were each associated with a moderate significant increase of risk of CRC in the univariate analysis. However, the association with frequent 'nap in the day' was attenuated by 410% after age adjustment. The observed associations for other factors were attenuated by 8-10% when age and other confounding factors were included in the model. Adjustment for sleep duration further attenuated slightly the association between frequent 'trouble falling sleep or getting back to sleep' and risk of CRC. 'Very restless sleep' compared with 'average sleep quality' was associated with increased risk of CRC, albeit the analysis was based on a restricted sample size.
The association between sleep duration and the risk of CRC was strengthened in the 5-year lag analysis based on 572 cases. Compared with 7 h of sleep, the HRs were 1.46 (95% CI 1.08-1.97) for short and 1.59 (95% CI 1.13-2.25) for long sleep duration, after adjusting for the same confounding factors as in the main analysis. Table 4 shows the interaction of sleep duration by use of HRT (P-value for interaction 0.03). Short sleep duration was associated with an increased risk among women who never received HRT, but not among their counterparts who received HRT. On the other hand, long sleep duration was associated with an increased risk of CRC only among women who ever received HRT, but not among women who never received HRT. There was no interaction by WHR, physical activity, diabetes, or sleep quality (P-values for interaction ¼ 0.34, 0.69, 0.94, and 0.21, respectively).
DISCUSSION
In this well-established large cohort of postmenopausal women in the United States, we found that self-reported extreme habitual sleep duration, either short (p5 h) or long (X9 h), was significantly associated with a moderate increase in risk of CRC independent of a number of confounding factors, compared with the normally recommended hours of sleep, 7-8 h per night. A U-shaped association was observed. The association between sleep duration and risk of CRC was modified by HRT. Frequent experience (X3 times per week) of trouble falling asleep or getting back to sleep was associated with slightly increased risk of CRC. The association may be partially mediated by sleep duration.
Two previous studies on night shift work and the risk of CRC generated inconsistent findings. A prospective cohort study has shown that longer years of rotating night shift work was associated with moderately increased risk of CRC among female nurses (Schernhammer et al, 2003) . However, the other study did not find an association between night shift work and colon or rectal cancer among women naval radio-telegraph operators (Tynes et al, 1996) .
Only seven studies have investigated the association between sleep duration and cancer risk. The study findings from four prospective studies and one population-based study on sleep duration and risk of breast cancer were mixed (Verkasalo et al, 2005; McElroy et al, 2006; Pinheiro et al, 2006; Wu et al, 2008; Kakizaki et al, 2008b) . One Japanese prospective study has associated long sleep duration with a decreased risk of prostate cancer (Kakizaki et al, 2008a) . No association was found for sleep duration and endometrial cancer in the WHI-OS (Sturgeon et al, 2012) . In a large prospective study in Europe,o6 h of sleep was associated with moderately increased overall cancer incidence compared with 7-8 h of sleep (von et al, 2012) . Owing to the paucity of the research, no conclusion can be drawn on sleep duration and cancer risk. Until the present study, there has been no prospective study on sleep duration and risk of CRC. We observed a U-shaped association between sleep duration and incidence of CRC. A similar pattern has been reported for sleep duration and coronary heart disease (Ayas et al, 2003) , type 2 diabetes (Yaggi et al, 2006) , and all-cause mortality (Parish, 2009 ). The association between short sleep duration and an increased risk of CRC was in line with the finding from a colonoscopy-based case-control study of 338 cases and 902 controls, which showed a 50% increase in risk of colorectal adenoma for o6 h compared with X7 h of sleep. However, this study did not report the association between long sleep duration and risk of colorectal adenoma (Thompson et al, 2011) . Our observation on the association between long sleep duration and increased risk of CRC was consistent with a retrospective hospital-based case-control study in Hong Kong among 822 cases with CRC and 926 controls, which found that cases slept for significantly longer hours than controls did (Ho et al, 2006) .
The mechanisms underlying the observed positive associations between extreme short and long sleep durations and risk of CRC are unknown and likely to be different. The harm of short sleep or sleep restriction has been well-recognised, including impaired glucose and appetite control (Grandner et al, 2010) and compromised immune function. Sleep enhances adaptive immune responses, whereas sleep disturbances can lead to immune suppression and a shift to a predominance of cancer-stimulatory cytokines (Dimitrov et al, 2007) . There is no consensus on the probable mechanisms for the harm of long sleep. Our study finding on the positive association between long sleep duration and risk of CRC may not be explained by the melatonin hypothesis. A previous study has shown that a higher endogenous estradiol level is an independent risk factor for CRC in the WHI Study (Gunter et al, 2008) . If long sleep duration was thought to decrease oestrogen levels by augmenting the production of melatonin, we would expect to observe an inverse association between long sleep duration and risk of CRC. Nevertheless, the association between the number of hours of sleep and circulating levels of melatonin has not been well-established (Viswanathan and Schernhammer, 2009) , with only one cross-sectional study showing that the postmenopausal Singapore women who slept 9 or more hours a night had a 42% higher mean level of urinary melatonin than those who slept 6 or fewer hours (Wu et al, 2008) . Long sleep duration is also considered being a marker of frailty and ill health (Knutson and Turek, 2006) . Interestingly, we only observed the association between long sleep duration and increased risk of CRC among women who received HRT. It indicates that hormone-related mechanism may mediate such an association or vice versa. In a cross-sectional study of 614 individuals, each additional hour of sleep was significantly associated with an increase in levels of C-reactive protein and interleukin-6; and each hour reduction in sleep was associated with an increase in levels of tumour necrosis factor-a (Patel et al, 2009) . Therefore, sleep duration may contribute to systemic inflammation and subsequently CRC.
We noticed a slight increase in risk of CRC associated with frequent experience of trouble getting back to sleep or falling asleep, snoring, and very restless sleep. Two studies have investigated sleep disturbance in association with cancer incidence or mortality. One prospective study observed a modestly increased overall cancer risk for those prescribed any hypnotic compared with non-users (Kripke et al, 2012) and the other suggested that baseline sleep-disordered breathing was associated with increased overall cancer mortality in a community-based study (Nieto et al, 2012) . These two previous studies did not include sleep duration in the statistical models. It is conceivable that sleep duration partially mediated the association between trouble falling asleep or getting back to sleep, or very restless sleep and risk of CRC because sleep duration was tightly associated with these factors in our study. In light of a moderate prevalence of these sleep habits in the general population, even a slight increase in CRC risk would have a public Fatigue score (ranges from 0 to 100). A higher score indicates less fatigue.
e Pain score (ranges from 0 to 100). A higher score indicates a more favourable condition. f Social strain score (ranges from 4 to 20). A higher score indicates more strain.
health impact. Further research using refined ascertainment of sleep habits may identify new risk factors for CRC.
We found a statistically significant interaction between sleep duration and use of HRT. The finding suggested that HRT may not only improve sleep in postmenopausal women but also counteract potential carcinogenic effect associated with short sleep duration. The differential associations by long sleep duration were also interesting, although the underlying mechanism remains unknown. Nevertheless, our observations suggested that there is a common biological mechanism shared by HRT and regulation of sleep duration (e.g., circadian rhythm), as well as the distinct carcinogenic effect associated with short vs long sleep duration in the context of HRT. The investigation on sleep duration by different types of HRT (such as oestrogen alone or oestrogen combined with progestin) in a large study may provide more insight into such an interactive effect. Short sleep duration has been associated with obesity in cross-sectional studies (Cappuccio et al, 2008) and obesity is a risk factor for CRC. However, obesity, as well as physical activity, was not shown to be interacting with sleep duration in modifying risk of CRC in our study. Similarly, the study on colorectal adenoma also did not find BMI to be a confounding factor (Thompson et al, 2011) .
Strengths of this study include its prospective design and large number of cases. We evaluated a broad spectrum of potential confounding factors that may account for the underlying association. However, residual confounding effect by recognised factors, such as fatigue, or unmeasured factors, such as undiagnosed comorbid conditions, may not have been fully accounted for in this analysis owing to potential limitations in study questionnaires. Given the prospective design of this study, the possibility of reverse causality was unlikely to explain the findings. The major analyses lagged by 2 years and the sensitivity analysis lagged by 5 years, both strengthened our confidence in the validity of the study findings.
There are several limitations to our study. First, self-reported sleep duration at study baseline may not have captured actual habitual sleep duration, but rather perceived habitual sleep duration. Subjective report can either under-or over-report sleep duration compared with objective measures using polysomnography (Bliwise and Young, 2007) . This potential non-differential measurement error may dilute the association between extreme sleep duration and CRC risk. Nevertheless, one study has shown that self-reported sleep duration correlates well with actigraphic assessment of sleep (Lockley et al, 1999) . Second, we did not have information on change in sleep duration over time, occupational history, including night shift work history, or nocturnal exposure to light for our study cohort. In the WHI Study, the question on nocturnal sleep duration at baseline was not ascertained during the follow-up visit. Third, as our analyses are confined to older women, the results may not be generalisable to men or younger women owing to sleep and endocrine differences by age and sex (Manber and Armitage, 1999) . Finally, although short sleep duration has been associated with increased risk of colorectal adenoma (Thompson et al, 2011) , we could not accurately examine colorectal adenoma because only prior history of colorectal polyp removal was queried at baseline. Two columns showed the number of cases who had less frequent sleep habit/disturbance (0 or o3 times per week) or frequent sleep habit/disturbance (X3 times per week), respectively. For variable 'snoring', many women did not report whether they snored. For variable 'poor sleep quality', there were 352 reported average sleep quality and 23 reported very restless sleep. The numbers in the two columns do not add up to 851 because of the missing information.
b Those who reported no or less frequent experience of certain sleep habit served as the reference group, and the more frequent experience of certain habits was the comparison group. The prevalence of the frequent experience of each sleep habit/disturbance (X3 times per night) in the study population. Crude HR. e HR was adjusted for age. f HR was adjusted for age, ethnicity, fatigue, hormone replacement therapy, waist to hip ratio, and physical activity. In summary, insufficient sleep is a common public health issue and there is increasing awareness of the impact of sleep problems on health (Ferrie et al, 2011) . It is plausible that dysregulation of a system that governs circadian endocrine, immune, and metabolic function may be linked to cancer incidence in humans (Sephton and Spiegel, 2003) . Our finding of a significantly increased risk of CRC in postmenopausal women with extreme sleep duration suggests the need for additional research to replicate this finding, and to further elucidate if it represents a causal association vs an association secondary to some other unidentified factors. If confirmed, our study findings suggest that the health benefits of adequate amount of sleep, 7-8 h per night, include reduced risk of CRC.
